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Characterization of Collective and Anisotropic Reorientational Protein Dynamics
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Intramolecular reorientational dynamics of proteins are described in terms of reorientational quasi-
harmonic modes. These modes provide important insight into anisotropic and collective axial fluctuations
of distinct molecular fragments, and they represent a highly compact description of intramolecular protein
motions that are spectroscopically observable via nuclear spin relaxation. The method is applied to a
molecular dynamics computer simulation of the protein ubiquitin.

PACS numbers: 87.15.He, 76.60.—k

Protein dynamics is generally both anisotropic and col-
lective. Internal motional anisotropy is a consequence of
the general lack of symmetry in the local atomic environ-
ment while the collectivity is mainly caused by the dense
packing of proteins. Understanding anisotropy and collec-
tivity of protein motions is of considerable interest, since
these properties are important for protein function. For
proteins in solution, nuclear magnetic resonance (NMR)
relaxation of *C and >N nuclear spinsisthe major source
of experimental information on dynamics reflecting reori-
entational motions of the lattice parts of spin interactions
at nearly all nuclear positions[1]. The principal axes of the
lattice part of relaxation-active spin interactions [2], such
as chemical shielding anisotropies and dipolar interactions
to directly bonded protons, often point along different di-
rections and thus directly probe the anisotropy of reorien-
tation. Suitable sets of relaxation experiments, including
T, T», nuclear Overhauser effect, and cross-correl ation ex-
periments, allow the characterization of locally anisotropic
motion of rigid fragmentsin terms of generalized order pa-
rameters [3,4] or by realistic analytical motional models,
such as the three-dimensional Gaussian axial fluctuation
model (3D GAF) [5,6].

The short-range nature of nuclear spin interactions im-
poses natural restrictions for directly monitoring collective
motional modes that involve larger numbers of fragments
in a correlated way. In aprevious Letter [7] it was demon-
strated how NMR relaxation data can be interpreted in
terms of collective protein modes derived from harmonic
[8] or quasiharmonic analysis [9] by allowing adjustments
of the amplitudes and directions of the lowest frequency
modes to optimize agreement with experiment.

Quasiharmonic analysis, also referred to as essential dy-
namics or principal component analysis, has now become
a well-established tool to analyze correlated dynamics in
structural ensembles [10]. Quasiharmonic modes reflect
both reorientational and trandationa internal dynamics.
The latter are not directly observable in *C and >N re-
laxation data, but they substantially contribute to the total
number of modes and thus increase the complexity of the
model. For example, the description of the quasiharmonic
reorientations of N backbone peptide planes requires the
explicit inclusion of at least three atoms per peptide plane,
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leading to a Cartesian fluctuation (covariance) matrix with
adimension of at least 9N. On the other hand, the reori-
entational motions of N peptide planes are, in principle,
determined by only 3N modes.

We present a model that describes intramolecular
reorientational dynamics in terms of reorientational quasi-
harmonic modes that are extracted from an ensemble of
protein structures, generated by a molecular dynamics
(MD) or Monte Carlo computer simulation, or which are
the result of NMR structure determination. While being
conceptualy simpler, such a reduced model still captures
the dominant motions that affect nuclear spin relaxation.
Similar to quasiharmonic analysis [9,10], the modes are
identified as the eigenvectors of a fluctuation matrix
calculated from the structural ensemble.

Theory.—For the calculation of reorientational quasi-
harmonic modes, each structure is centered and reoriented
with respect to a reference structure to eliminate overall
motion. Each structure is then subdivided into N differ-
ent fragments, where each fragment consists of a group of
atoms that form an internally relatively rigid entity, e.g., a
peptide bond or an aromatic ring. The sum of all fragments
does not need to yield the complete protein; i.e., it is pos-
sible to compute reorientational quasiharmonic modes for
a subsystem of the protein, for example, for the backbone
only (videinfra). For each protein fragmentk = 1,..., N,
a coordinate system is defined by three orthogonal axes
represented by the vectorse, , e, , and e, ; of unit length.
The axis directions are defined in terms of the local bond-
ing geometry which ensures that they are rigidly attached
to their fragments and synchronously reorient with them.

Next, a 3N-dimensional covariance matrix M is com-
puted from the inner products of the vectorse, ; and e, ,

Muvsr = (], — (eh ) (ens — (eu)))

= (el - eu) — (el ) (e, ), 1)
wherek,l = 1,..., N represent the fragmentsand u, v €
{x,y,z} label the axes. The angle brackets (- --) signify
an average over the set of structures. The reorientationa
motions of the N fragments are spanned by 3N orthonor-
mal modes Q; of dimension 3N, which are solutions to the
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eigenvalue problem

Méjz)\jéj, ]=1,
The O ; are the reorientational eigenmodes, and their am-
plitudes are reflected in the eigenvalues A;. Each mode

éj can be subdivided into N distinct 3D vectors g, =
(Qj3k-2,Qj3k-1,Qj3k), k = 1,....N, where Q; , is the
component m of vector Q;. Vector g, is attached to frag-
ment k and reoriented under the jth mode with a variance
ork =@ qi) __SZIJT,k><Z]j,k> = A;lg;41*. The nor-
malization condition |Q;|> = 1 implies

N
Z 1G> = 1. ©)
=1

The net effect of all 3N reorientational modeson asingle
fragment k can be assessed from the 3 X 3 matrix M®)
with elements

3N
M) = Z Ai(G70)u(Gjx)w,
j=1
The eigenvectors of M¥) are the principal axes of reorien-
tation e, with eigenvalues A,

,3N. )

w,v € {x,y,z}. (4

M(k)eg = /\Ifeg, g S {av B’ y} (5)

In the case of harmonic reorientations, the variances o2,
op, and o2 of fluctuations about the axes e, e, and e,

are given by
, 1 ( 1— A, )
= —Ilo 6
« =20 = - ) ©

and permutations in the indices «, 8, and y. This corre-
sponds to the 3D GAF model [5] that was previously used
to determine anisotropic peptide-plane dynamics in ubig-
uitin from NMR relaxation data [6]. It provides a local
description of anisotropic reorientational motion ignoring
correlation effects between the fragments. Equation (1)
can thus be viewed as a generaization of the 3D GAF
model to 3N dimensions, which we call the collective ax-
ial fluctuation model. Spin relaxation parameters can be
readily calculated from M® via oz and e, [6], and thus
eigenvalues A; and eigenvectors é, can be adjusted to fit
experimental data by procedures anal ogous to the ones de-
scribed in Ref. [7]. R
Collectivity measure.—The reorientational modes Q;
exhibit a variable degree of delocalization or collectivity
with respect to the various protein fragments. A quantita-
tive measure for the collectivity of each mode is the mode
collectivity « [11] which isrelated to information entropy:

1 S .
Kj = NEXP{— Z |61j,k|2|09|qj',k|2}, (7)
=1

o

where «; is the number between 1/N and 1 given by
the ratio between the effective number of fragments that
are collectively reoriented by the jth mode and the total
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number of fragments. A small « reflects loca motion,
while alarge « reflects a substantial degree of collectivity.

Correlated motions.—The reorientational motion of
two fragments k and [ is correlated if the same modes
provide, on average, similar contributions. The amount of
correlation can be expressed by the correlation coefficient,

Fkp = COU(Sk,Sz)/(O'kO'l) (8)
between the sets sy, s,

se = {Alguel® o Aswldan i), ©

st = {Mlgul® .. Aswl gl
where the elements correspond to the variances described
after Eqg. (2). o and o are the standard deviations of the
two sets s, and s;, and cov (s, s;) = {(sis;) — (se){s;) is
thelr covariance.

Application.—The method was applied to 1500 snap-
shots of a 1.5 ns MD tragjectory (stored with a time in-
crement of 1 ps) of the 76 amino-acid protein ubiquitin
to study its backbone peptide-plane dynamics. The protein
was embedded in a cubic box including 2909 explicit water
molecules with the temperature set to 300 K. The simu-
lation was carried out using the program CHARMM 24 [12]
under periodic boundary conditions. More details about
thissimulation are given in Ref. [6]. For each snapshot, an
orthogonal coordinate system was defined for each of the
N = 72 nonproline peptide planes with axes e, x, where
u=x,y,zand k=1,...,72. The matrix M was then
calculated according to Eq. (1) and diagonalized yielding
3 X 72 = 216 reorientational modes Q; with eigenvalues
A; varying between 0.0003 and 1.94.

Figure 1 shows the local amplitudes |, |* as a func-
tion of the mode number j and the peptide-plane number
k, where the modes are sorted with respect to increas-
ing eigenvalues. Different modes can exhibit a qualita-
tively different behavior as can be seen in the stack plot
of Fig. 1(a). Four selected modes are displayed in more
detail in Fig. 1(b). Some of the modes with the largest
eigenvalues (e.g., mode 209) exhibit correlated large am-
plitude motion in backbone positions that are known from
previous studies [6] to be considerably flexible, including
severa loop regions that connect regular secondary struc-
tures (B-strands and «-helix) indicated at the top of the
figure. Some of the modes with small amplitudes, such
as modes 1 and 4, exhibit a notably concerted behavior
for extended uninterrupted parts of the backbone. Other
modes involve many peptide planes scattered throughout
the primary sequence, such as mode 172 which has the
largest collectivity of al of the modes with 7, = 0.69
involving about 50 of the 72 peptide planes. In Fig. 2 the
collectivities k; of modes Q; are displayed as afunction of
the eigenvalues A;. Small amplitude reorientational modes
have typically a smaller collectivity [exceptions include
modes 1 and 4 of Fig. 1(b)]. The collectivity of larger am-
plitude modes grows on average and reaches a maximum
around A; = 0.04 after which the collectivities decrease
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FIG. 1. (a) Reorientational mode amplitudes |g;|* of ubig-
uitin backbone peptide planes as a function of mode num-
ber j = 1,...,216 and peptide-plane number k calculated from
1500 reoriented snapshots of a 1.5 ns MD trajectory of ubiquitin
sorted with respect to increasing eigenvalues A;. (b) Selected
cross sections through (a) for modes j = 1, 4, 172, and 209. At
the top, the secondary structural elements of ubiquitin are indi-
cated by arrows for B-strands and a cylinder for the a-helix.

again: The modes with largest A; possess the lowest col-
lectivities (k; < 0.1). These modes reflect backbone dihe-
dral angle flips at various positions on slower time scales
in the hundreds of ps. The distribution of « is maximal
at about k = 0.5, while the A distribution has a maximum
close to zero (at A < 0.01).

Reorientational correlation effects between pairs of
peptide planes are displayed in Fig. 3 using the correlation
coefficient ry; of EQ. (8). A black sguare indicates that
|rul > 0.5. Since the mode eigenvalues A; explicitly
enter the correlation coefficient [see Eq. (8)], correlations
between larger amplitude modes are emphasized. As a
consequence, mainly peptide groups that are strongly af-

08| 08
0.6
ro. e 0.4
. .
™ ‘-" . 0 ' ©
t BT, LR N 0 05 1 15 2
K 04 '3"‘" ¢ * s "t e ]
" % e’ o
' : [ ] L
b.'
o2 "’ . L e
...
0 L " s
0 0.05 0.1 0.15 0.2

A

FIG. 2. Mode collectivity « plotted as a function of the mode
eigenvalue A for the 216 backbone reorientational modes of
ubiquitin calculated using Eq. (7). Theinset showsthe full range
of eigenvalues.

fected by at least one large-amplitude mode of Fig. 1(a) are
motionally significantly correlated to other peptide planes.
There are exceptions, however, such as peptide planes 20
and 39-42, whose motion is rather restricted, but who
show correlations to many of the more mobile protein re-
gions. Interestingly, peptide plane 36, which is positioned
between the a-helix and two adjacent proline residues at
positions 37 and 38, shows large-amplitude reorientational
dynamics that lacks significant correlations to other amino
acids. Motiona correlation effects inside the quite rigid
a-helix and between B-strands do exist. These can be
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FIG. 3. Reorientational correlation matrix |ry| between pep-
tide planes of ubiquitin calculated using Eq. (8). A black square
corresponds to a correlation coefficient |ry;| > 0.5. The sec-
ondary structural elements are indicated at the top.
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FIG. 4. Mode collectivity « [see Eq. (7)] plotted as a
function of the mode eigenvalue A (in units of A2?) for the
216 quasiharmonic modes of the backbone nitrogen atoms of
ubiquitin calculated from the 1.5 ns MD traectory: Modes
and eigenvalues were obtained by diagonalization of the matrix

Muv:k/ = <(rk,u - <rk,u>) (r/,v - <rl,v_>)_>v u,v € {X,y, Z} where
1.« 1S the component « of the 3D position vector r; of backbone
nitrogen atom k. The inset shows the full range of eigenvalues.

better analyzed using correlation coefficients given by
Eq. (8) but with sets s, and s;, where the A; in Eq. (9)
are set to 1 (data not shown).

A hallmark of quasiharmonic anaysis is the fact that a
relatively small number of high-amplitude modes tend to
dominate the behavior of the whole protein [9,10]. Here,
90% of reorientational motion is, for ten peptide planes,
caused by the largest 8—30 maodes, for 19 of the remaining
peptide planes by the largest 56—111 modes, and for the
remaining 43 peptide planes by 116—178 modes. There-
fore interpretation of relaxation parameters in a reorienta-
tional subspace with adimension that is substantially lower
than 3N = 216 is feasible for about 40% of the peptide
planes that include al planes with high mobility.

We compared the reorientational mode collectivities
(Fig. 2) to mode collectivities determined from a standard
quasiharmonic analysis [9] applied to the nitrogen atoms
of the 72 peptide planes for the same 1500 snapshots of
ubiquitin. The collectivities are plotted as a function of
the eigenvalues in Fig. 4. For small amplitude modes
the collectivities show a similar behavior as for the
reorientational modes, whereas for increasing ampli-
tudes the quasiharmonic collectivities stay systematically
higher than the reorientational ones (except for the three
modes with largest amplitudes). Thus, projection of
quasiharmonic modes on the reorientational subspace
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leads to a decrease in collectivity, in particular for the
large-amplitude modes, indicating that reorientational
motions are systematically more local in character than
tranglational motions. This is consistent with the picture
that translational motions require the concerted displace-
ment of large numbers of atoms due to the dense protein
packing, while reorientational motions can be accom-
modated more localy. Furthermore, the differences in
collectivity suggest that translational and reorientational
low-frequency modes are to a significant extent decoupled
from each other. The collective axia fluctuation model
therefore represents a highly compact and self-contained
description of intramolecular protein dynamics amenable
to nuclear spin relaxation.
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